essential NR1 subunit together with a combination of NR2 subunits (Hollmann and Heinemann, 1994). Activation of NMDA receptors is necessary for the induction of some forms of synaptic plasticity, such as long-term potentiation (LTP; Bliss and Collingridge, 1993 (pep2m) or an anti-NSF antibody from a patch-pipette into the postsynaptic neuron resulted in a rapid and substantial decrease in Summary AMPA receptor-mediated synaptic transmission. The same peptide infused into cultured hippocampal neuHere, we show that disruption of N-ethylmaleimide-senrons reduced the peak response to local AMPA applicasitive fusion protein-(NSF-) GluR2 interaction by infution. A control peptide (pep4c; comprising the corresion into cultured hippocampal neurons of a blocking sponding region of the GluR4c alternative splice variant peptide (pep2m) caused a rapid decrease in the frethat does not interact with NSF) or a control anti-NSF quency but no change in the amplitude of AMPA recepantibody that does not recognize rat NSF had no effect tor-mediated miniature excitatory postsynaptic currents (Nishimune et al., 1998).
These results suggest that the NSF-GluR2 interaction tetrodotoxin (TTX) is greatly reduced by infusion of pep2m. At 25-30 min after patching the cell, the freis important for surface expression of AMPA receptors in the postsynaptic membrane. While the molecular quency was reduced to 28% Ϯ 12% of the frequency recorded from 0 to 5 min after patching the cell (n ϭ mechanisms by which NSF exerts this regulation remain speculative, one strong possibility is that NSF is critical 4, p Ͻ 0.005). There was no significant effect on the amplitude of AMPA-mEPSCs (actual mean values ϭ for a priming step in the receptor cycle that is required for receptor reinsertion and/or stabilization at the post-Ϫ13.2 Ϯ 0.7 pA from 0 to 5 min and Ϫ13.6 Ϯ 0.1 pA from 25 to 30 min; n ϭ 4, p Ͼ 0.6). A representative synaptic membrane. experiment is shown in Figure 1 pooled data are shown in Figure 2 . In the example experiment shown in Figure  Results 1a, the mEPSC rise time (excluding dual events) increased from 1.1 Ϯ 0.1 ms (706 AMPA-mEPSCs) beDisruption of the NSF-GluR2 Interaction Reduces AMPA-mEPSC Frequency tween 0 and 5 min to 1.5 Ϯ 0.1 ms (207 AMPA-mEPSCs) between 33 and 43 min (p Ͻ 0.001). This is consistent We have shown previously that infusion of the pep2m peptide (amino acid sequence KRMKVAKNAQ) into culwith peptide diffusion down the dendrites causing the complete elimination of functional AMPA receptor retured hippocampal neurons reduced the current response to locally applied AMPA, whereas infusion of sponses at proximal synapses before more distal synapses. Infusion of the control peptide (pep4c) had no pep4c, which has only a one residue difference (amino acid sequence KRMKVAKSAQ), had no effect (Nishisignificant effect on the frequency or the amplitude of AMPA-mEPSCs. At 25-30 min, the frequency was mune et al., 1998). Here, we demonstrate that the frequency of AMPA-mEPSCs recorded in the presence of 105% Ϯ 4% of the frequency recorded at 0-5 min (n ϭ the surface-expressed GluR2 immunoreactivity colocalized with synaptophysin, indicating that these GluR2-GluR2 Colocalization with GluR1-GluR4 containing receptors were exclusively localized at synand Synaptophysin apses in our cultures. Some synaptophysin-positive, We used a GluR1-GluR4 antibody (Nusser et al., 1998) GluR2-negative puncta were also observed (Figure 4b ). to investigate the distribution of all AMPA receptors on the surface of living hippocampal neurons. By comparing the surface distribution of receptors labeled with the Inducible Adenovirus Transfection of Cultured Hippocampal Neurons GluR1-GluR4 antibody with the distribution of receptors labeled with a GluR2-specific monoclonal antibody, we
Because it has proved difficult to reliably and efficiently transfect exogenous DNA into cultured neurons using estimated the proportion of AMPA receptor clusters that contain the GluR2 subunit on living neurons. In our conventional techniques, we used an AdTet-On-inducible adenovirus (Harding et al., 1997 ) as a delivery 2-week-old hippocampal cultures, 90% Ϯ 4% (n ϭ 5, 415 puncta) of surface-expressed AMPA receptor agsystem for expressing the pep2m and pep4c peptides in cultured hippocampal neurons. In a series of preliminary gregates contained the GluR2 subunit (Figure 4a) .
The distribution of GluR2 on living neurons was also experiments to qualitatively assess the efficiency of expressing pep2m, only 10% Ϯ 6% of NR1 puncta coloreduced. Neither surface expression nor total amount of NR1 immunoreactivity was affected by expression of calized with GluR2 puncta (n ϭ 13 fields, 990 puncta).
We further quantified the effect of pep2m expression pep2m. by immunocytochemistry on populations of neurons using an ELISA-based assay. We measured the levels of surface-expressed and total immunoreactivity for the Blocking the NSF Interaction with GluR2 Does Not Prevent Intradendritic Clustering GluR1-GluR4 and NR1 antibodies on paraformaldehyde-fixed neurons. Since this approach was not possiof AMPA Receptors Given that total levels of AMPA receptor immunoreactivble with the GluR2 antibody, because it did not work on paraformaldehyde-fixed cells, we used a GluR1-specific ity are not changed by expression of pep2m, we investigated more closely the distribution of GluR2 immunorepolyclonal antibody (Molnar et al., 1993) . Anti-GluR1 antibody gave the same results as anti-GluR1-GluR4 (data activity in fixed permeabilized neurons. Similar levels of GluR2 were detected in the dendrites of permeabilized not shown). The total amount of AMPA receptors was unchanged by expression of pep2m (Figure 7 ), but the neurons in which either pep2m or pep4c was expressed (Figure 8) . Indeed, in pep2m-expressing neurons, AMPA proportion that were surface expressed was markedly To investigate whether the intradendritic AMPA receptor clusters were located at synapses, we studied the colocalization of GluR2 and synaptophysin in pep2m-and pep4c-expressing neurons. As shown in Figure 9 , in pep4c-expressing cells, there was a large degree of colocalization, but in pep2m-expressing neurons, little colocalization was detected. Thus, in pep2m-expressing neurons, GluR2-containing AMPA receptors remained in intradendritic compartments but appeared to be excluded from dendritic spines.
Discussion
Here, we demonstrate in cultured hippocampal neurons that, first, infusion of pep2m, which prevents the interaction between NSF and GluR2, decreases the frequency of AMPA-mEPSCs but has no effect on NMDA-mEPSCs, and second, viral expression of pep2m removes most surface-expressed GluR2-containing AMPA receptors but does not change the distribution of NR1-containing NMDA receptors. Consistent with previous findings (Nishimune et al., 1998, but see Song et al., 1998; for review, see Lin and Sheng, 1998), the control pep4c peptide, which has only a one residue difference from the pep2m sequence (Asn to Ser), had no effect on either mEPSCs or GluR2 surface expression. action on AMPA receptors. Furthermore, the absence of changes on the AMPA-mEPSC amplitude suggests that the mechanism by which AMPA receptors are rereceptors retained a highly punctate dendritic distribumoved from the postsynaptic membrane is acting signiftion (pep2m: n ϭ 7, 29 fields mapped; pep4c: n ϭ 7, 17 icantly faster than the frequency of the occurrence of fields mapped). In an additional series of experiments, mEPSCs at any synapse. Note that although there is a the distribution of AMPA receptors on the surface of relatively high frequency of AMPA-mEPSCs ‫2-1ف(‬ Hz), living neurons was compared with the total distribution the average frequency at any given synapse would be in the same cells following fixing and permeabilization much lower than this (1000-fold less for a cell with 1000 (see Richmond et al., 1996) . In individual pep2m-expresssynapses). The decrease in the frequency of the mEPSCs ing cells, few surface puncta were present, but following is consistent with the immunolocalization results showfixation and permeabilization, high levels of intradentritic ing that expression of pep2m produces a marked declusters were observed (pep4c: n ϭ 3, 16 fields mapped; crease in the number of clusters but that the ones that remain are relatively unchanged. pep2m: 12 fields mapped [ Figure 8] ). Our observations on mEPSCs differ from those in a have used antibodies (anti-GluR2, anti-GluR1-GluR4, anti-GluR1, and anti-NR1) that recognize extracellular recent report suggesting a change in mEPSC amplitude when NSF-GluR2 interaction was disrupted (Song et al., epitopes and can be used on living neurons. Consistent with previous studies on living hippocampal neurons 1998). This discrepancy is difficult to explain but could be due to differences in experimental techniques; for (Richmond et al., 1996; Liao et al., 1999), our cultured hippocampal neurons showed a highly punctate surexample, Song et al. (1998) used embryonic cultures and added an NMDA receptor antagonist to the culture face distribution of AMPA receptors. The majority of the puncta that were observed with the anti-GluR1-GluR4 medium. These authors also evoked mEPSCs by local puffs of hyperosmotic solution and used a 20-fold higher antibody were also labeled by the anti-GluR2 antibody concentration of peptide.
Electrophysiological Characterization of Neurons Infused with Pep2m or Pep4c

‫.)%09ف(‬ This demonstrates that a large majority of synapses that express AMPA receptors express the GluR2 subunit. All GluR2 immunoreactivity was colocalized Surface Distribution of Glutamate Receptors on Hippocampal Neurons
with synaptophysin, indicating the absence of surfaceexpressed, extrasynaptic, GluR2-containing AMPA reTo investigate the regulation by the NSF-dependent mechanism of the surface expression of receptors, we ceptor clusters. However, synaptophysin staining was It has been reported previously that GluR2 knockout techniques, pep2m-expressing neurons showed a dramatic decrease in the amount of surface-expressed mice express functional AMPA receptors (Jia et al., 1996) . Therefore, mechanisms other than the GluR2-AMPA receptors compared with nontransfected and pep4c-expressing neurons. NR1 subunit surface ex-NSF interaction must be available to regulate the surface expression of AMPA receptors. Based on our data, howpression was not decreased in pep2m-expressing cells. Using quantitative cell ELISA (Figure 7) , we determined ever, it would seem that when the GluR2 subunit is present in the AMPA receptor complex, the NSF-depenthat ‫%06ف‬ of total AMPA receptors were surface expressed in pep4c-expressing and control nontransdent mechanism takes precedence. A punctate distribution of GluR2 immunoreactivity fected neurons. These data are consistent with previous proteolysis, cross-linking, and biotinylation studies on throughout the dendrites was observed in the pep2m- 
